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ITERATIVE FORWARD ERROR CORRECTION 



FIELD OF THE INVENTION 



The present invention relates generally to communication networks and particularly to 
method of forward error corrections. 



In transmission of data packets over packet based networks, there is a possibility of 
packet loss, such that it may be assumed that a certain percentage of packets are lost on any 
packet based network. Packets may be lost due to channel conditions and/or due to application 
operation, for example late tuning onto a data transmission. In some cases, such as transfer of a 
10 file, the loss of even a small percentage of the transmitted data prevents the use of the entire 



In some cases, redundant data is transmitted along with the transmitted data, such that 
even if some of the transmitted data is lost, the original data can be reconstructed from the data 
that was received. One method of redundancy is referred to as forward error correction (FEC). 

15 In accordance with a simple FEC code, the protected data is included in a single source word 
(also referred to as a block), divided into a set X of k source elements (original elements). For 
the single source word, n > k code elements (referred to also as FEC elements), of the same 
size as the source elements, are generated, in order to represent the source words in a protected 
manner. The n code elements are referred to together as a code word. The elements may be of 

20 different sizes, such as single bits or packets. A receiver needs to receive correctly any k+z 
elements (z >= 0) from the transmitted code word in order to reconstruct the source word. 
When z=0 the code is considered optimal. 

Various coding methods of generating the code elements from the source elements, are 
known in the art. One of the attributes of coding methods is the ratio k/n, which is referred to as 

25 the code rate. The code rate used depends on the expected data loss rate, the importance of the 
data and the available bandwidth. 

Generally, there exist efficient coding methods only for several coding rates. When it is 
desired to have a code rate that does not have an efficient coding method, a method with a 
lower code rate (i.e., a higher n for the same k) is used to generate the code elements, and then 

30 some of the code elements are dropped. The dropped code elements are referred to as punctured 
elements. In some cases, punctured elements are retransmitted, instead of or in addition to other 
code elements not correctly received. 
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If the source word is a subset of the code word (i.e., X is a subset of Y), the code is 
referred to as a systematic code. The portion of the code word not included in the source word 
is referred to as a parity word. Codes in which the source word is not a subset of the code word 
are referred to as non-systematic codes. 

When possible, it is considered advantageous to include an entire data file in a single 
source word, for which a single code word is generated. The available codes, however, such as 
the Reed Solomon (RS) code, require large processing resources when the source word is large. 
In order to reduce the processing power required, in one-dimensional codes (known also as 
single dimension codes), the original data is divided into a plurality of source words and code 
words are generated for each source word independently. 

As the size of the original data increases, the number of source words increases, and 
therefore the chances of successfully reconstructing the original data decreases, since all the 
source words need to be reconstructed independently. Excess elements (beyond k+z) received 
for one of the source words does not aid in the reconstruction of other source words for which a 
1 5 sufficient number of elements was not received. 

In an exemplary two-dimensional code, the original data is arranged in a two- 
dimensional array. Each row and each column of the array is viewed as a separate source word, 
for which a code word is generated. In the data reconstruction, the elements of each row code 
word which is successfully reconstructed can be used in the reconstruction of column code 
20 words and vice versa. An iterative "column-row" reconstruction method is generally used to 
reconstruct the data. 

For substantially the same complexity (i.e., processing resources), the two-dimensional 
FEC requires less bandwidth than the one-dimensional FEC. For high-loss transmission links 
and for short original data, the two-dimensional FEC becomes inefficient. 

25 SUMMARY OF THE INVENTION 

An aspect of some embodiments of the invention relates to a multi-dimension (e.g., two 
dimensional) code in which parity elements are generated, in one dimension, for punctured 
elements, which were not transmitted, of a different dimension. Optionally, parity elements are 
generated for an entire row of punctured elements and only the parity elements (and not the 

30 punctured elements themselves) are transmitted. The term parity elements refers herein to the 
elements beyond the k elements of a code word required in order to reconstruct the source word 
corresponding to the code word. The parity elements may include the code elements that are 
not source elements, in a systematic code and/or may include arbitrary code elements in a non 
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systematic code. During reconstruction, the punctured elements may be reconstructed, in order 
to reconstruct other elements within the code words. 

An aspect of some embodiments of the invention relates to a code in which different 
numbers of parity elements are generated for different source words (e.g., rows, columns and/or 
5 blocks of data) having equivalent importance. In some embodiments of the invention, different 
numbers of parity elements of a second (or higher) dimension are generated for the rows and/or 
columns of a first (or lower) dimension. The different numbers of parity elements may include, 
at least 3 or even 5 different numbers of parity elements for different rows. In some 
embodiments of the invention, at least 10 different rows have different numbers of parity 
10 elements. 

The reconstruction of rows for which more parity elements were generated will 
generally allow for reconstruction of one or more columns and hence provide additional 
elements for reconstruction of the rows for which fewer redundancy elements were generated. 

An aspect of some embodiments of the invention relates to a code in which parity 
15 elements of a second dimension are generated for only some of the rows of the code elements 
of a first dimension, e.g., only for some of the rows of the original data and/or for only some of 
the rows of the redundant data. Generally, the other rows will be reconstructed using the first 
dimension redundancy elements, after some of the rows for which second-dimension 
redundancy was provided are reconstructed. 
20 The methods of the. present invention were determined to achieve a higher efficiency 

than one-dimensional and two-dimensional FEC schemes, especially for links having high loss 
rates. In addition, the efficiency of the methods of the present invention has low dependence on 
the size of the original data and/or the link loss rate, such that the same code may be used 
regardless of the expected data size and link conditions. 
25 An aspect of some embodiments of the invention relates to concurrently transmitting 

FEC elements representing a data block on a plurality of channels, the channels not carrying 
identical sequences of FEC elements. The concurrent transmission of the FEC elements on the 
plurality of channels generally means that the beginning and end times of the transmission of 
the FEC elements of the data block on the plurality of channels overlap to a large extent. It is 
30 noted, however, that the channels may use different time slots of a time division scheme, such 
that although the transmissions in general are concurrent, at the time slot level the signals may 
not be transmitted together. Optionally, the plurality of channels transmit from a single 
transmitter. 

3 
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In some embodiments of the invention, at least one of the receivers can tune onto all the 
channels concurrently. The transmission of the FEC elements on a plurality of different 
channels in non-identical sequences, allows reception of the data block by receivers of different 
capabilities from different channels, while allowing receivers listening to a large number of 
5 channels to receive the data block faster. 

There is therefore provided in accordance with an exemplary embodiment of the 
invention, a method of preparing data for transmission, comprising providing a block of data, 
generating a plurality of first dimension code words including first dimension forward error 
correction FEC elements, the elements of each code word may be used interchangeably to 
10 reconstruct a data portion of the block corresponding to the code word, defining a plurality of 
second dimension source words formed of the generated elements and generating for at least 
two of the defined second dimension source words, different numbers of parity elements. 

Optionally, at least some of the first dimension FEC elements are not included in 
second dimension code words for which second dimension parity elements are generated. 
15 Optionally, generating the first dimension code words comprises generating according 

to a systematic code. Optionally, second dimension parity elements are generated for fewer 
than half the first dimension elements. Optionally, generating second dimension parity 
elements comprises generating such that at least five of the defined second dimension source 
words have different code rates. Optionally, generating second dimension parity elements 
20 comprises generating such that each second dimension source word for which parity elements 
are generated, has a different number of elements. 

Optionally, generating second dimension parity elements comprises generating parity 
elements in accordance with each code rate for which parity elements are generated, for a same 
number of second dimension source words. Optionally, generating first dimension code words 
25 comprises generating code words including different numbers of elements. 

Optionally, the method includes transmitting all the generated first and second 
dimension elements to a receiver. Optionally, the method includes transmitting fewer than all 
the generated first and second dimension elements to a receiver. Optionally, first dimension 
elements belonging to second dimension source words for which parity elements were 
30 generated, are not transmitted. Optionally, transmitting the data comprises transmitting over a 
channel having a loss rate greater than 30%. Optionally, each element comprises a data packet. 
Alternatively, each element comprises a single bit. 
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There is further provided in accordance with an exemplary embodiment of the 
invention, a method of transmitting data, comprising providing a block of data, generating a 
plurality of first dimension code words of first forward error correction FEC elements, the 
elements of each code word may be used interchangeably to reconstruct a data portion of the 
5 block corresponding to the code word, generating one or more second dimension code words, 
each second dimension code word including source elements from one or more of the first 
dimension code words, transmitting elements representing the data block to a receiver, the 
transmitted elements not including at least one element belonging to both a first and second 
dimension code word. 

10 Optionally, transmitting the elements comprises transmitting all the elements of the 

second dimension code words that do not belong to first dimension code words. Optionally, 
generating the first dimension code words comprises generating code words including source 
elements and parity elements and wherein some of the parity elements are transmitted and some 
of the parity elements are not transmitted. Optionally, the source elements and the transmitted 

15 parity elements of each first dimension code word are of a number required to allow, on the 
average, reconstruction of between about 35-50% of the code words, without the non- 
transmitted parity elements, taking into account an expected loss rate during the transmission. 
Optionally, each first dimension code word includes a number of elements sufficient to allow, 
on the average, reconstruction of at least 95% of the first dimension code words based on 

20 transmission of the elements of the code words, taking into account an expected loss rate 
during the transmission. 

Optionally, each first dimension code word includes a number of elements sufficient to 
allow, on the average, reconstruction of less than 98% of the first dimension code words based 
on transmission of the elements of the code words, taking into account an expected loss rate 

25 during the transmission. Optionally, each first dimension code word includes a number of 
elements sufficient to allow, on the average, reconstruction of less than 95% of the first 
dimension code words based on transmission of the elements of the code words, taking into 
account an expected loss rate during the transmission. 

Optionally, more than 20% of the elements common to first and second dimension 

30 codes are not transmitted. Optionally, generating second dimension code words comprises 
generating a plurality of code words of different code rates. Alternatively, generating second 
dimension code words comprises generating a plurality of code words with same code rates. 
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Optionally, all the common elements of first and second dimension code words of at 
least one code word are not transmitted. Optionally, generating second dimension code words 
comprises generating at least one second dimension code word having one element from each 
of the first dimension code words. Optionally, the method includes generating and transmitting 
5 elements of a third dimension code word. Optionally, generating the code words comprises 
generating according to a block code and/or a convolution code. 

Optionally, transmitting the elements comprises transmitting over a plurality of different 
channels. Optionally, transmitting the elements comprises transmitting over a plurality of 
channels with different expected loss rates. Optionally, elements belonging to second 
10 dimension code words but not to the first dimension code word are transmitted on a separate 
channel from elements of first dimension code words. Optionally, elements belonging to 
second dimension code words but not to the first dimension code words are transmitted on a 
channel having a lower loss rate than a channel used for elements of first dimension code 
words. 

15 There is further provided in accordance with an exemplary embodiment of the 

invention, a method of transmitting data, comprising providing a block of data, generating a 
plurality of FEC elements of one or more dimensions that represent the block of data, and 
transmitting the plurality of FEC segments over a plurality of different channels. 

Optionally, generating the plurality of FEC elements comprises generating elements 

20 according to a single dimension FEC method. Alternatively, generating the plurality of FEC 
elements comprises generating elements according to a multi-dimension FEC method. 
Optionally, transmitting the plurality of FEC segments comprises transmitting all elements 
belonging to a same code word on a single channel. Alternatively, transmitting the plurality of 
FEC segments comprises transmitting elements belonging to at least one single code word on a 

25 plurality of channels. 

Optionally, transmitting the plurality of FEC segments comprises transmitting on a 
plurality of channels having same or different loss rates. Optionally, transmitting the plurality 
of FEC segments comprises transmitting on a plurality of channels having different loss rates 
due to different transmission methods. Optionally, transmitting the plurality of FEC segments 

30 comprises transmitting only systematic FEC elements on at least one of the channels. 
Optionally, the method includes receiving the transmitted plurality of segments by a plurality of 
receivers, at least one of the receivers receives segments on fewer than all the channels on 
which the FEC segments are transmitted. 
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Optionally, generating the FEC elements comprises generating code words of one or 
more first dimensions and parity elements of one or more second dimensions and wherein 
transmitting the plurality of FEC segments comprises transmitting such that one or more 
channels do not carry the parity elements of the one or more second dimensions. Optionally, 
one or more channels carry only the parity elements of the one or more second dimensions. 
Optionally, the method includes receiving the transmitted plurality of segments by a plurality of 
receivers, at least one of the receivers receives segments on fewer than all the channels on 
which the FEC segments are transmitted. 

Optionally, the method includes receiving the transmitted plurality of segments by a 
plurality of receivers, at least one of the receivers having the capability to listen concurrently to 
all the channels and at least one of the receivers not having the capability to listen concurrently 
to all the channels. Optionally, the sequences of elements of different channels differ in at least 
some of the elements they contain. Optionally, the sequences of elements of at least two 
channels include the same elements in different orders. Optionally, the sequences of elements 
of at least two channels do not include any common elements. 

There is further provided in accordance with an exemplary embodiment of the 
invention, a method of receiving data, comprising tuning onto a plurality of channels, receiving 
FEC elements on each of the plurality of channels and reconstructing a data block using one or 
more FEC elements received over each of the plurality of channels. 

Optionally, the plurality of channels include at least two channels having different loss 
rates. Optionally, receiving the FEC elements comprises receiving only parity elements on at 
least one of the channels. Optionally, receiving the FEC elements comprises receiving only 
systematic elements on at least one of the channels. Optionally, receiving the FEC elements 
comprises receiving elements of a single code word on at least two different channels. 

There is further provided in accordance with an exemplary embodiment of the 
invention, a multicast transmission unit, comprising an input interface for receiving blocks of 
data, a processor adapted to generate a plurality of first dimension code words including first 
dimension forward error correction FEC elements, the first dimension elements of each code 
word may be used interchangeably to reconstruct a data portion of the block corresponding to 
the code word, to define a plurality of second dimension source words formed of the generated 
first dimension FEC elements and to generate for at least two of the defined second dimension 
source words, different numbers of parity elements and a transmitter for transmitting FEC 
elements generated by the processor. 



■ ^ i/ilzuu4 y OO08O£ 

279/04168 




Optionally, the transmitter is adapted to transmit FEC elements generated by the 
processor for a single block on a plurality of channels. 



BRIEF DESCRIPTION OF FIGURES 

Particular non-limiting embodiments of the invention will be described with reference 
5 to the following description of non-limiting exemplary embodiments in conjunction with the 
figures. Identical structures, elements or parts which appear in more than one figure are 
preferably labeled with a same or similar number in all the figures in which they appear, in 
which: 

Fig. 1 is a schematic illustration of a forward error correction (FEC) code construction, 
10 in accordance with an exemplary embodiment of the invention; 

Fig. 2 is a flowchart of acts performed by the receiver in reconstructing the original 
data, in accordance with an exemplary embodiment of the invention; and 

Fig. 3 is a schematic illustration of a code construction, in accordance with another 
exemplary embodiment of the invention. 
15 DETAILED DESCRIPTION OF EMBODIMENTS 

Consider the situation where a transmitter is to transmit original data over a lossy 
channel to a receiver. In order to allow reconstruction of the transmitted data by the receiver, 
the transmitter generates FEC code elements, which are transmitted to the receiver. 

Fig. 1 is a schematic illustration of a forward error correction (FEC) element 
20 arrangement, in accordance with an exemplary embodiment of the invention. The original data 
is optionally divided into blocks of a predetermined size, each block is handled separately as is 
now described with reference to Fig. 1, which shows a single block 100. The size of block 100 
is optionally selected according to the processing resources of the receivers that need to 
reconstruct the data. 

25 Block 100 is divided into a plurality (e.g., 1000) of source elements 102 organized in 

first-dimensional (column) source words 104. In the example of Fig. 1, ten column source 
words 104, each including one hundred source elements 102, are constructed for each block 
100. For each column source word 104, parity elements 106 are generated in accordance with a 
systematic code. The column source word 104 together with the parity elements 106 form a 

30 column code word 122. The parity elements 106 of each column code word 122 are optionally 
divided into a first parity sub-word 108 and a second parity sub-word 110. The parity elements 
106 of the first parity sub-words 108 are optionally transmitted to the receiver, while the parity 
elements 106 of the second parity sub-words 1 10 are not transmitted to the receiver. 

8 
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In the example of Fig. 1, each source word 102 includes 100 elements, each first parity 
■ sub-word 108 includes 30 elements and each second parity sub-word 110 includes 20 
elements. In this example, 60% of the parity elements 106 belong to first parity sub-words 108, 
while 40% of the parity elements 106 belong to second parity words 110. Naturally, other 
5 percentages may be used. Particular expected values range between about 55-75% of parity 
elements 106 belonging to first parity sub-words 106, although other ranges (e.g., 30-50%) 
may also be useful. 

Parity elements 106 are optionally generated using any suitable FEC code method 
known in the art. In some embodiments of the invention, a convolution code is used to 
10 generate the parity elements. Alternatively or additionally, the elements are generated using a 
block code. In some embodiments of the invention, the elements are generated using both 
convolution and block codes, some code words using one FEC code method while other code 
words use another FEC code method. Optionally, code words of different dimensions use 
different FEC methods (e.g., block and convolution). Alternatively or additionally, different 
1 5 code words of the same dimension use different FEC methods. 

The non-transmitted parity elements 106 of sub-words 110 are optionally included in 
second-dimension (row) source words 114. In some embodiments of the invention, for each 
row word 1 14, a second-dimension row parity word 1 16 of second dimension parity elements 
112 is generated. These second dimension parity elements 112 are transmitted to the receiver 
20 in order to aid in reconstruction of the original data. Row source words 114 and their 
respective row parity words 116 are referred to together as row code words 118. In some 
embodiments of the invention, the elements of row source words 1 14 are first dimension parity 
elements, while in the second dimension they serve as source elements. 

The transmission of row parity words 116 instead of row source words 114 increases 
25 the efficiency of the code. This is especially true for a transmission with large expected 
variations in the total number of source elements 102 and parity elements 106 received for 
different code words 122. The reception of additional elements 102 and/or 106 from row 
source words 114 would be redundant for column code words 122 that have sufficient 
elements without the elements of row source words 114, and would not aid the reconstruction 
30 of other columns, as the columns are not inter-related. The elements of row parity words 1 16, 
on the other hand, can be used for reconstructing any of the column source words 1 04. 

The generation of parity words 1 16 only for some of the first dimension parity elements 
106, i.e., for the parity elements 106 of the second parity words 110, reduces the amount of 
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data transmitted over the channel, while achieving the benefits of the invention. Optionally, the 
parity elements 106 for which second dimensional row parity words 116 are generated, are 
selected arbitrarily and/or randomly, without relation to their contents. Furthermore, 
alternatively to generating second dimensional parity words 116 for first dimension parity 
elements 106, the second dimensional parity words 116 may be generated for one or more rows 
of source elements 102. Optionally, in this alternative, the rows of source elements 102 for 
which second dimension parity rows 1 16 are generated, are not transmitted. 

In some embodiments of the invention, the number of parity elements 106 in the first 
parity sub-word 108 is selected according to the expected loss rate of the channel, so that the 
number of column source words 104 which may be reconstructed by the receiver using only 
the received source elements 102 and the received parity elements 106 of the first parity sub- 
words 108, is about a desired percentage. In an exemplary embodiment of the invention, the 
desired percentage is between about 35-50%, e.g., 40%. The desired percentage is optionally 
selected as a low enough percentage to prevent there being too many columns receiving many 
more elements than required for reconstruction, while ensuring easy reconstruction of row 
source words 1 14 without transmitting too many second dimension parity elements 112. 

The number of parity elements 106 in second parity sub-words 110 is optionally 
selected according to the loss rate of the channel, such that the number of column source words 
104 which can be reconstructed by the receiver using the received elements, if source elements 
102 are transmitted with all the parity elements 106 (of both the first and second parity sub- 
words 108 and 110) but no row parity elements 112 are transmitted, is between about 95- 
100%. 

The number of second dimensional parity elements 112 generated is optionally selected 
so that the row source words 1 14 can be reconstructed given the loss rate of the channel and 
the number of column code words 122 which are expected to be reconstructed without the 
second dimensional parity elements 112. 

Alternatively to generating the same number of second dimension parity elements 112 
for all the row source words 114, different numbers of second dimensional parity elements 112 
are generated for different row source words 114. Stated otherwise, the second dimension code 
has different code rates for different row source words 1 14. Optionally, the numbers of second 
dimensional parity elements 112 generated for different row source words 114 span over a 
large range of numbers, for example between 1 and a maximal number of elements 112 
generated for a row source word 1 14. In some embodiments of the invention, the numbers of 
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second dimensional elements 112 generated for different row source words 114 is distributed 
evenly over the range from which the number of elements is taken. Alternatively or 
additionally, the row source words 1 14 are divided into substantially same size groups, and 
each group has a different number of second dimension parity elements 1 12. 

In some embodiments of the invention, the second dimensional parity elements 1 12 are 
organized in a triangle with decreasing numbers of elements 1 12 in each row parity word 116. 
For example, when there are twenty row source words 114, a first row parity word 116 has 
twenty second dimensional parity elements 112, a second row parity word 116 has nineteen 
parity elements 1 12 and so on until a last row parity word 1 16 has only a single parity element 
112. The use of decreasing numbers of elements is found to be efficient since after 
reconstruction of one row source word 1 14, more column source words 104 are expected to be 
reconstructed and therefore other row source words 114 will be reconstructable using fewer 
second dimensional parity elements 112. This process repeats until all the original column 
source words 104 are reconstructed. 

Alternatively to using an isosceles triangle of parity elements 1 12, any other triangular 
or non-triangular arrangement of elements in parity words 1 16 may be used, for example based 
on simulations of the expected reconstruction possibilities. For example, second dimensional 
redundancy elements 112 are optionally organized in a non-isosceles triangle, a trapezoid, a 
concave or a convex structure which maximizes the efficiency of the code. 

In some embodiments of the invention, the structure of the code (e.g., the number of 
columns and/or rows) and other details of the FEC method are preconfigured in both the 
transmitter and the receiver. Alternatively, the code structure details are transmitted at the 
beginning of the transmission and/or periodically to the receiver. 

The second dimension source words 114 are described above as including first 
dimension parity elements 106. In other embodiments of the invention, the second dimension 
source words 114 include first dimension source elements 102 or some second dimension 
source words 114 including first dimension source elements 102 and other second dimension 
source words 1 14 include first dimension parity elements 106. 

Fig. 2 is a flowchart of acts performed by the receiver in reconstructing the original 
data, in accordance with an exemplary embodiment of the invention. The elements actually 
received (202), i.e., detected and utilized by the receiver, are de-interleaved (organized) (204) 
in the format of Fig. 1, generally based on identification headers included in the elements. If 
(205) additional elements are required for reconstruction, and the transmission was not 
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^ completed (207), the receiver continues to receive (202) more elements. If the transmission 
B was completed, without the receiver accumulating a group of elements required to reconstruct 
the data block, the reconstruction failed (222). The receiver may request supplementary 
transmission of additional elements or may request retransmission of the entire data block. If 
5 (205) additional elements are not required, iterative reconstruction of the data block is 
performed, as is now described. 

For each column code word 104 for which the receiver has a sufficient number of 
elements 102 and/or 106, the receiver reconstructs (206) the column source word 104. 
Thereafter, the parity elements 106 of the column code word 122 are reconstructed (208). It is 
10 noted that the reconstruction (206) of the source elements 1 02 is not performed based on parity 
elements 106 of the second parity sub-word 110 since they are not transmitted at all. On the 
other hand, the generation (208) of the parity elements 106 includes elements of both the first 
parity sub-words 108 and second parity sub-words 1 10. 

For each row code word 1 18 for which the receiver has a sufficient number of elements 
15 (including both first dimension parity elements 106 and second dimension parity elements 
112), the receiver reconstructs (210) the parity elements 106 of row source words 114. 
Thereafter, the receiver repeats the reconstructing (206) of the column source words 104 that 
have sufficient elements for reconstructing, in view of the reconstruction performed on row 
code words 118. The first dimension generation (208) of parity elements 106, the second 
20 dimension reconstruction (210) of parity elements 106 and the reconstruction (206) of source 
elements 102 are repeated until the data block is reconstructed or no additional row or column 
code words were reconstructed. 

Referring in more detail to determining (205) whether additional elements are required, 
in some embodiments of the invention, based on the number of elements in each column 
25 source word 104, the receiver determines which column source words 104 can be 
reconstructed. Thereafter, based on the number of elements received or reconstructed 
successfully from each row code word 1 18, the receiver determines which row code words 1 18 
can be reconstructed. According to the results, the receiver optionally determines which 
column source words 104 can be reconstructed. This procedure is optionally repeated 
30 iteratively until it is determined whether or not the block can be reconstructed. Alternatively to 
performing exact simulations, the question of whether additional elements are required is 
determined based on an estimation. Optionally, in this alternative, a safety margin is taken in 
order to ensure that when it is determined that additional elements are not required, the chances 

12 



« v iMLLUUY f UUUOUC 



10 



279/04168 

that the reconstruction will not succeed is close to zero. In an exemplary embodiment of the 
invention, the estimation of whether additional elements are required is based on the number of 
elements received. The required number is optionally sufficiently high, such that the chances of 
reconstructing the data block are sufficiently high. 

In some embodiments of the invention, as shown in the reconstruction method of Fig. 
2, the reconstruction is performed after all the transmitted data is received. Thus, the 
processing resources used for the reconstruction are kept low. Alternatively, the reconstruction 
is attempted after a predetermined number of elements are successfully received, while 
additional data is being received on the channel. 

In some embodiments of the invention, for example in a multicast channel, the 
transmission is continued for a predetermined time which is expected to be sufficient for all or 
nearly all receivers to receive the data. In an exemplary embodiment of the invention, the 
transmission has a duration of 3-4 times that required for transmission of the data on a lossless 
channel. Alternatively or additionally, the transmission is terminated responsive to 
15 acknowledgement that the data was received by a predetermined number of receivers (in a 
unicast channel, by the receiver). 

Alternatively to the receiver listening to the channel until the data is completely 
reconstructed, the receiver listens to the channel for a predetermined time and/or until a 
predetermined number of elements are accumulated. The receiver then stops listening to the 
channel until the initial reconstruction process is completed or is performed for a 
predetermined number of rounds. According to the results of the initial reconstruction and 
optionaUy the time remaining for which the data will still be transmitted, the receiver then 
listens to the channel for an additional period. The reconstruction is continued using the data 
from the additional listening to the channel. This alternative is especially useful when the 
25 processing power required for signal reception is greater than required for reconstmction of the 
original data. 

The present invention may be employed on substantially any transmitter, receiver 
and/or channel including wireless LAN, cellular, packet based, ATM and satellite networks. 
The present invention is especially useful for high loss networks, such as for data passing on 
30 noisy channels with a loss rate of above 10% or even above 30%. The high loss may also be 
due to the receiver listening to only a portion of the transmitted data, for example due to a late 
tuning on to the channel. Such late tuning may especially occur on a multicast channel, when a 
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plurality of different receivers want to receive the same data and therefore all need to tune on 
to the same channel. 

In an exemplary embodiment of the invention, the present invention is used for 
transmission of data to a plurality of wireless receivers on a multicast channel. Optionally, the 
data is transmitted after encoding with a code having a code rate between about 0.2-0.4, such 
that data which requires 2 minutes for uncoded transmission requires between 5-10 minutes for 
coded transmission. Such a redundancy corresponds to a loss rate of about 70-80%. 

In some embodiments of the invention, in addition to first dimension parity elements 
106 and second-dimension redundancy elements 112, the transmitter may generate and/or 
transmit additional elements, such as second dimensional FEC elements on source elements 
102 and/or third dimensional code elements. In some embodiments of the invention, second- 
dimensional redundancy elements 1 12 are transmitted with a higher protection rate than source 
elements 102 and/or on a separate channel having a lower average loss rate. In these 
embodiments, the size of first parity sub- words 108 is optionally reduced accordingly, taking 
into account the increased reliability of the second-dimensional redundancy elements 112. 

Although in the above description the parity elements 106 which were generated but 
not transmitted belong to the first dimension, the same principal may be used for any other 
dimension, such as second or third dimension parity or source elements. The elements which 
were generated but not transmitted may belong to a single code word or to a plurality of code 
words in a plurality of dimensions. 

Fig. 3 is a schematic illustration of a forward error correction (FEC) element 
construction, in accordance with another exemplary embodiment of the invention. A block of 
original data is divided into source elements 102, organized in a two dimension array of 
column source words 104 and row source words 128. For each column source word 104, first- 
dimension parity elements 106 are generated, with optionally different numbers of parity 
elements 106 being generated for different column source words 104. For each row source 
word 128, second dimension row parity elements 112 are generated. Optionally, also in 
generating row parity elements 112, different numbers of elements are generated for different 
row source words 128. In some embodiments of the invention, second-dimension parity 
elements 112 are generated only for source elements 102. Alternatively, second dimensional 
parity elements 1 12 are generated also for first dimension parity elements 106. 

In some embodiments of the invention, a maximal number and a minimal number of 
second dimension elements 1 12 are provided. The number of parity elements 1 12 for each row 
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source word 128 is optionally selected so as to have a gradually decreasing number of parity 
elements 112 from the maximal number to the minimal number along the row source words 
128. Alternatively, several predetermined code rates are defined for the number of second 
dimension row code words. For example, each row source word 128 may optionally have one 
5 of three possible numbers of second dimension parity elements 112, corresponding to a low 
protection level, a medium protection level and a high protection level. 

In some embodiments of the invention, all the source elements 102, first dimension 
parity elements 106 and second dimension parity elements 112 are transmitted to the receiver. 
Alternatively, some of the source elements, for example from the source elements which are 
10 most protected, are not transmitted. Generally, rows and/or columns for which fewer elements 
were received will be reconstructed based on reconstructed elements of other columns and/or 
rows. 

Alternatively to having different numbers of parity elements bom for different columns 
and for different rows, the use of different numbers of elements may be used only for different 
15 rows or only for different columns. 

Optionally, the source elements 102 of different row and/or column code words have 
the same importance. The use of different codes for different code words is used herein based 
on statistical assumptions and is optionally not related to attempts to protect data portions of 
different importance using different code rates. In some embodiments of the invention, a 
20 scheme which incorporates different code rates for statistical purposes and uses different code 
rates for data of different importance is used. 

In simulations performed on a channel having a loss rate of 30%, the one dimensional 
FEC method was determined to have an 86% efficiency, the second dimensional FEC was 
determined to have a 93% efficiency and a method in accordance with the present invention 
25 was found to have an efficiency of 96%. The simulations in accordance with the present 
invention were performed using 20 first dimension column code words having X =172 source 
elements and Y = 172+48 code elements. Second dimension parity elements 112 were 
generated for 22 rows, each having a different number of parity elements 1 12 between 1 to 22. 
As mentioned above, in some cases different elements are transmitted on different 
30 channels with different protection levels. In some embodiments of the invention, second 
dimension parity elements 1 12 are transmitted on a channel with a higher protection level, due 
to their general nature which can aid in decoding many first dimension code words. 
Alternatively or additionally, data known to have more importance in a higher protocol layer is 
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transmitted on a channel with a higher protection level, for example as described in PCT 
application PCT/IL2004/000204, titled "Segmented Data Delivery Over Non-Reliable Link", 
filed March 3, 2004, the disclosure of which is incorporated herein by reference. 

The use of a plurality of different channels for transmission of the elements of a single 
5 block may be advantageous for other reasons than providing higher level protection to specific 
elements. In some embodiments of the invention, some of the elements of each first dimension 
code word are transmitted on a first channel, while other elements of the first dimension code 
words are transmitted on a second channel. Optionally, in these embodiments, the percentage 
of elements transmitted on the different channels is different for different first dimensional 
10 code words. The use of different channels varies the number of elements received for different 
code words and hence allows for an increase in the chances that the second parity elements 112 
are effective for reconstruction of first dimensional code words. 

In some embodiments of the invention, the use of the plurality of channels is an 
attribute of the transmission system used. Instead of vising different channels for different data 
15 blocks, the FEC elements of at least one of the data blocks are transmitted on a plurality of 
channels. In some cases, different receivers have different tuning capabilities. Some receivers, 
for example, can listen only to a first group of channels, e.g., including 1 channel, while other 
receivers, can listen to a second group of channels greater than the first group, e.g., including 2 
channels. In another example, some receivers listen to at most six channels while other 
20 receivers listen to nine or more channels. The number of channels is not relevant to the 
invention and the advantages of dividing the FEC elements of a single block to a plurality of 
channels pertains to substantially any number of channels. 

In some embodiments of the invention, a first group of receivers is capable of tuning 
onto a first set of one or more channels and a second group of receivers is capable of tuning 
25 onto a second set of channels not including any channels of the first set. A third set of receivers 
is capable of tuning onto the channels of the first set and of the second set, or on sub-sets of the 
channels of both the first and second sets. Preferably, each of the sets of channels carries a 
sufficient number of elements required for decoding the corresponding data block. In some 
embodiments of the invention, during transmission of the FEC elements, the first and second 
30 channels carry sets of elements which are at least partially different, so that receivers listening 
to both the first and second sets of channels do not receive the same elements twice and hence 
receive a number of elements required for decoding faster than if they would listen only to a 
single set of channels. Alternatively or additionally, both sets of channels carry the same FEC 
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elements but in a different order, so that a receiver listening to both channels will receive 
different elements on the channels to which it is tuned. 

It is noted that the advantages of dividing the FEC segments of a single data block 
between a plurality of channels, are not limited to the above described multi-dimensional FEC 
scheme, and the division of segments may be used with substantially any FEC scheme, 
including a simple one dimensional FEC scheme. For example, a first number of FEC 
segments of each code word may be transmitted on a channel or channels to which all receivers 
are tuned, while additional FEC segments of each code word are transmitted on an additional 
channel to which only some receivers are tuned. Thus, receivers tuned to the additional channel 
generally receive the data blocks within a shorter period. In some embodiments of the 
invention, when a multi-dimensional FEC is used, the segments of code words of a first 
dimension are transmitted on channels to which all the receivers are tuned, while parity 
elements of one or more other dimensions are transmitted on a second channel. 

In other embodiments of the invention, the segments of different code words of a same 
data block are transmitted on different channels. In these embodiments, all the receivers are 
optionally expected to listen to both channels. The distribution of the code words between two 
(or more) channels reduces the time required in order to receive each block, allowing faster 
decoding and utilization, e.g., display, of the data block. 

In some embodiments of the invention, some of the receivers do not support FEC at all, 
while other receivers support using FEC. Optionally, a first channel directed to all receivers 
carries the systematic segments, while a second channel to which only some receivers are 
tuned, carries parity elements. The first channel may have a very low loss rate and/or may carry 
a plurality of instances of the systematic segments. 

The channels used to carry the parity elements of a single, data block optionally differ in 
their frequencies and/or codes. Alternatively or additionally, the channels differ in their time 
schemes and/or are transmitted from different transmitters, for example using a multi-input 
multi-output (MEMO) scheme. In some embodiments of the invention, the different channels 
have the same loss rate. Alternatively, some or all of the channels have different loss rates, for 
example due to different noise conditions and/or different encoding methods. 

The above described methods may be used for source and parity elements 102 and 106 
of different sizes, including elements which are packets and elements which are single bits. 
The term code element refers herein to any element which can be used to reconstruct the 
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original data, whether the element is a source element or a parity element and/or whether the 
element belongs to a systematic or non-systematic code word. 

The references to first and second dimensions are used herein for simplicity and the 
present invention may be used on codes of any number of dimensions, on some or all of the 
dimensions thereof. The terms first and second dimensions appearing in the claims may refer to 
any two of the dimensions of the code, including the first two dimensions and the last two 
dimensions. 

It will be appreciated that the above described methods may be varied in many ways, 
including, changing the order of steps, and the exact implementation used. The methods of the 
present invention may be performed in various protocol layers and may be performed for a 
single transmission system in a plurality of communication protocol layers. It should also be 
appreciated that the above described description of methods and apparatus are to be interpreted 
as including apparatus for carrying out the methods and methods of using the apparatus. 

The present invention has been described using non-limiting detailed descriptions of 
embodiments thereof that are provided by way of example and are not intended to limit the 
scope of the invention. For example, although the above description relates to a systematic 
FEC, the methods of the invention may be employed similarly on non-systematic FEC 
methods. It should be understood that features and/or steps described with respect to one 
embodiment may be used with other embodiments and that not all embodiments of the 
invention have all of the features and/or steps shown in a particular figure or described with 
respect to one of the embodiments. Variations of embodiments described will occur to persons 
of the art. 

It is noted that some of the above described embodiments may describe the best mode 
contemplated by the inventors and therefore may include structure, acts or details of structures 
and acts that may not be essential to the invention and which are described as examples. 
Structure and acts described herein are replaceable by equivalents which perform the same 
function, even if the structure or acts are different, as known in the art. Therefore, the scope of 
the invention is limited only by the elements and limitations as used in the claims. When used 
in the following claims, the terms "comprise", "include", "have" and their conjugates mean 
"including but not limited to". 
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CLAIMS 

1 . A method of preparing data for transmission, comprising: 
providing a block of data; 

arranging the data in at least a two-dimensional array; 

generating a plurality of first dimension code words including first dimension forward 
error correction FEC elements, the first dimension elements of each code word may be used 
interchangeably to reconstruct a data portion of the block corresponding to the code word; 

defining a plurality of second dimension source words formed of the generated first 

dimension FEC elements; and 

generating for at least two of the defined second dimension source words, different 

numbers of parity elements. 

2. A method according to claim 1, wherein at least some of the first dimension FEC 
elements are not included in second dimension code words for which second dimension parity 
elements are generated. 

3. A method according to claim 1, wherein generating the first dimension code words 
comprises generating according to a systematic code. 

4. A method according to claim 1, wherein second dimension parity elements are 
generated for fewer than half the first dimension elements. 

5. A method according to claim 1, wherein generating second dimension parity elements 
comprises generating such that at least five of the defined second dimension source words have 
different code rates. 

6. A method according to claim 1, wherein generating second dimension parity elements 
comprises generating such that each second dimension source word for which parity elements 
are generated, has a different number of elements. 
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7. A method according to claim 1, wherein generating second dimension parity elements 
comprises generating parity elements in accordance with each code rate for which parity 
elements are generated, for a same number of second dimension source words. 

8. A method according to claim 1, wherein generating first dimension code words 
comprises generating code words including different numbers of elements. 

9. A method according to claim 1, comprising transmitting all the generated first and 
second dimension elements to a receiver. 

10. A method according to claim 1, comprising transmitting fewer than all the generated 
first and second dimension elements to a receiver. 

11. A method according to claim 10, wherein first dimension elements belonging to second 
dimension source words for which parity elements were generated, are not transmitted. 

12. A method according to claim 1, wherein transmitting the data comprises transmitting 
over a channel having a loss rate greater than 30%. 

13. A method of according to claim 1, wherein each element comprises a data packet. 

14. A method of according to claim 1, wherein each element comprises a single bit. 

15. A method of transmitting data, comprising: 
providing a block of data; 

arranging the data in at least a two-dimensional array; 

generating a plurality of first dimension code words of forward error correction FEC 
elements, the FEC elements of each code word may be used interchangeably to reconstruct a 
data portion of the block corresponding to the code word; 

generating one or more second dimension code words, each second dimension code 
word including FEC elements from one or more of the first dimension code words; 
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transmitting FEC elements representing the data block to a receiver, the transmitted 
elements not including at least one FEC element belonging to both a first and second 
dimension code word. 



5 16. A method according to claim 15, wherein transmitting the elements comprises 
transmitting all the elements of the second dimension code words that do not belong to first 
dimension code words. 

17. A method according to claim 15, wherein generating the first dimension code words 
10 comprises generating code words including source elements and parity elements and wherein 

some of the parity elements are transmitted and some of the parity elements are not transmitted. 

18. A method according to claim 17, wherein the source elements and the transmitted parity 
elements of each first dimension code word are of a number required to allow, on the average, 

15 reconstruction of between about 35-50% of the code words, without the non-transmitted parity 
elements, taking into account an expected loss rate during the transmission. 

19. A method according to claim 15, wherein each first dimension code word includes a 
number of elements sufficient to allow, on the average, reconstruction of at least 95% of the 

20 first dimension code words based on transmission of the elements of the code words, taking 
into account an expected loss rate during the transmission. 

20. A method according to claim 15, wherein each first dimension code word includes a 
number of elements sufficient to allow, on the average, reconstruction of less than 98% of the 

25 first dimension code words based on transmission of the elements of the code words, taking 
into account an expected loss rate during the transmission. 

21. A method according to claim 20, wherein each first dimension code word includes a 
number of elements sufficient to allow, on the average, reconstruction of less than 95% of the 

30 first dimension code words based on transmission of the elements of the code words, taking 
into account an expected loss rate during the transmission. 
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22. A method according to claim 15, wherein more than 20% of the elements common to 
first and second dimension code words are not transmitted. 

23. A method according to claim 15, wherein generating second dimension code words 
comprises generating a plurality of code words of different code rates. 

24. A method according to claim 15, wherein generating second dimension code words 
comprises generating a plurality of code words with same code rates. 

25. A method according to claim 15, wherein all the common elements of first and second 
dimension code words of at least one code word are not transmitted. 

26. A method according to claim 15, wherein generating second dimension code words 
comprises generating at least one second dimension code word having one element from each 
of the first dimension code words. 

27. A method according to claim 15, comprising generating and transmitting elements of a 
third dimension code word. 

28. A method according to claim 15, wherein generating the code words comprises 
generating according to a block code. 

29. A method according to claim 15, wherein generating the code words comprises 
generating according to a convolution code. 

30. A method according to claim 15, wherein transmitting the elements comprises 
transmitting over a plurality of different channels. 

31. A method according to claim 30, wherein transmitting the elements comprises 
transmitting over a plurality of channels with different expected loss rates. 
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32. A method according to claim 30, wherein elements belonging to second dimension code 
words but not to the first dimension code word are transmitted on a separate channel from 
elements of first dimension code words. 

33. A method according to claim 32, wherein elements belonging to second dimension code 
words but not to the first dimension code words are transmitted on a channel having a lower 
loss rate than a channel used for elements of first dimension code words. 

34. A method of transmitting data, comprising: 

1 o providing a block of data; 

generating a plurality of FEC elements of one or more dimensions that represent the 

block of data; and 

transmitting the plurality of FEC segments over a plurality of different channels 
Micurrently, the channels carrying sequences of elements that are not identical. 



cor 



15 



20 



35. A method according to claim 34, wherein generating the plurality of FEC elements 
comprises generating elements according to a single dimension FEC method. 

36. A method according to claim 34, wherein generating the plurality of FEC elements 
comprises generating elements according to a multi-dimension FEC method. 

37. A method according to claim 34, wherein transmitting the plurality of FEC segments 
comprises transmitting all elements belonging to a same code word on a single channel. 

38. A method according to claim 34, wherein transmitting the plurality of FEC segments 
comprises transmitting elements belonging to at least one single code word on a plurality of 
channels. 

39. A method according to claim 34, wherein transmitting the plurality of FEC segments 
30 comprises transmitting on a plurality of channels having same loss rates. 

40. A method according to claim 34, wherein transmitting the plurality of FEC segments 
comprises transmitting on a plurality of channels having different loss rates. 
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Wxw 41 • A metllod according to claim 40, wherein transmitting the plurality of FEC segments 
comprises transmitting on a plurality of channels having different loss rates due to different 
transmission methods. 

5 

42. A method according to claim 34, wherein transmitting the plurality of FEC segments 
comprises transmitting only systematic FEC elements on at least one of the channels. 

43. A method according to claim 34, wherein generating the FEC elements comprises 
10 generating code words of one or more first dimensions and parity elements of one or more 

second dimensions and wherein transmitting the plurality of FEC segments comprises 
transmitting such that one or more channels do not carry the parity elements of the one or more 
second dimensions. 

15 44. A method according to claim 43, wherein one or more channels carry only the parity 
elements of the one or more second dimensions. 

45. A method according to any of claims 34-44, comprising receiving the transmitted 
plurality of segments by a plurality of receivers, at least one of the receivers receives segments 

20 on fewer than all the channels on which the FEC segments are transmitted. 

46. A method according to any of claims 34-44, comprising receiving the transmitted 
plurality of segments by a plurality of receivers, at least one of the receivers having the 
capability to listen concurrently to all the channels and at least one of the receivers not having 

25 the capability to listen concurrently to all the channels. 

47. A method according to any of claims 34-44, wherein the sequences of elements of 
different channels differ in at least some of the elements they contain. 

30 48. A method according to claim 47, wherein the sequences of elements of at least two 
channels do not include any common elements. 
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49. A method according to any of claims 34-44, wherein the sequences of elements of at 
least two channels include at least 50% elements in common but in different orders. 

50. A method of receiving data, comprising: 
tuning onto a plurality of channels; 

receiving FEC elements on each of the plurality of channels; and 
reconstructing a data block using one or more FEC elements received over each of the 
plurality of channels. 

51. A method according to claim 50, wherein the plurality of channels include at least two 
channels having different loss rates. 

52. A method according to claim 50, wherein receiving the FEC elements comprises 
receiving only parity elements on at least one of the channels. 

53. A method according to claim 50, wherein receiving the FEC elements comprises 
receiving only systematic elements on at least one of the channels. 

54. A method according to claim 50, wherein receiving the FEC elements comprises 
receiving elements of a single code word on at least two different channels. 

55. A multicast transmission unit, comprising: 

an input interface for receiving blocks of data; 

a processor adapted to generate a plurality of first dimension code words including first 
dimension forward error correction FEC elements, the first dimension elements of each code 
word may be used interchangeably to reconstruct a data portion of the block corresponding to 
the code word, to define a plurality of second dimension source words formed of the generated 
first dimension FEC elements and to generate for at least two of the defined second dimension 
source words, different numbers of parity elements; and 

a transmitter for transmitting FEC elements generated by the processor. 

56. A transmission unit according to claim 55, wherein the transmitter is adapted to 
transmit FEC elements generated by the processor for a single block on a plurality of channels. 
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ABSTRACT 

A method of preparing data for transmission. The method includes providing a block of 
data, generating a plurality of first dimension code words including first dimension forward 
error correction FEC elements, the elements of each code word may be used interchangeably to 
reconstruct a data portion of the block corresponding to the code word, defining a plurality of 
second dimension source words formed of the generated elements and generating for at least 
two of the defined second dimension source words, different numbers of parity elements. 
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